In each facet ofthe Drosophila compound eye, a cluster of photoreceptor cells assumes an asymmetric trapezoidal pattern. These (11, 12) as well as ectopic equators (5). These studies suggest that the direction of furrow progression plays an important role in controlling both ommatidial polarity and equator. However, it is unclear whether ommatidial polarity and more global determinants are determined by the same mechanisms.
ABSTRACT
In each facet ofthe Drosophila compound eye, a cluster of photoreceptor cells assumes an asymmetric trapezoidal pattern. These clusters have opposite orientations above and below an equator, showing global dorsoventral mirror symmetry. However, in the mutant spiny legs, the polarization of each cluster appears to be random, so that no equator is evident. The apparent lack of an equator suggests that spiny legs+ may be involved in the establishment of global dorsoventral identity that might be essential for proper polarization ofthe photoreceptor clusters. Alternatively, a global dorsoventral pattern could be present, but spiny legs+ may be required for local polarization of individual clusters. Using an enhancer trap strain in which white+ gene expression is restricted to the dorsal field, we show that white+ expression in spiny legs correctly respects dorsoventral position even in facets with inappropriate polarizations; the dorsoventral boundary is indeed present, whereas the mechanism for polarization is perturbed. It is suggested that the boundary is established before the action of spiny legs+ by an independent mechanism.
Pattern formation in multicellular organisms involves precise processing of positional information and cell-cell interactions. The Drosophila compound eye has been a model for studying pattern formation because it consists of repetitive arrays of about 800 unit eyes (ommatidia) containing identical sets of photoreceptors and accessory cells. Each cluster of eight photoreceptors (R1-R8) is assembled in a trapezoidal pattern with characteristic anterior-posterior (A/P) and dorsoventral (D/V) planar polarity in the retinal epithelium. In the A/P axis, R1-R2-R3 cells are anterior to the R5-R6 cells. With respect to the D/V axis, R3-R4-R5 cells are polar (see Fig. 1 ).
Although each individual photoreceptor cluster is asymmetric, the eye as a whole displays a global mirror symmetry; the trapezoids in the dorsal half of the eye are mirror images to those in the ventral half, establishing global symmetry about the equatorial midline. This mirror symmetry develops during eye morphogenesis, as photoreceptor clusters rotate 90°in opposite directions above and below the equator (1, 2). Genes such as nemo and roulette are required for proper rotation of the photoreceptor clusters (3) .
The retinal precursor cells in the dorsal and ventral fields do not arise from different cell lineages since mosaic clones can be generated that extend to the other side of the equator. Little is understood of how the global D/V fields are specified in the developing eye. Interestingly, P-lacW enhancer trap strains (4) have been isolated by us and others (5, 6) (11, 12) as well as ectopic equators (5) . These studies suggest that the direction of furrow progression plays an important role in controlling both ommatidial polarity and equator. However, it is unclear whether ommatidial polarity and more global determinants are determined by the same mechanisms.
Morphogenetic processes involved in cuticular polarity formation have been studied using strains referred to as "polarity" mutants that have altered orientations of hairs and bristles (13) . Interestingly, some polarity mutants, including spiny legs (sple) (14, 15) , dishevelled (dsh) (16) , and frizzled (fz) (17, 18) , also show abnormal polarity of the photoreceptor clusters, providing some clues to study genetic mechanisms underlying the ommatidial polarity formation.
Among several polarity mutants, sple shows remarkably specific pattern defects: the majority of abnormal ommatidia in the sple eye are only dorsoventrally reversed and show complete 90°r otations, whereas fz shows a mixture of eye phenotypes such as D/V and A/P reversals and incomplete rotation (19) . We have isolated a P-lacW enhancer trap strain in which w+ gene expression is restricted to the dorsal domain providing a useful D/V marker. We here address the relationship between the global mirror symmetry and the local ommatidial polarity, using the mutant sple and the P-lacW enhancer trap marker.
MATERIALS AND METHODS
Fly Stocks. Bl-12 was isolated from an enhancer trap screen (unpublished results) using the procedure described in Bier et al. (4) . Bl (21) and stained with a 1:50 dilution of an anti-Bar antibody (S12) (22) as described (23) . Secondary antibody was a 1:50 dilution of horseradish peroxidase-conjugated anti-rabbit IgG. After rinsing in PBS, they were stained with diaminobenzidine (0.5 mg/ml) containing 0.04% NiCl.
RESULTS
Dorsoventral Reversals in spiny legs. Local polarity reversals in sple mutants were demonstrated (15) by an optical neutralization technique (24) . For better resolution of the photoreceptor clusters, we examined tangential sections of sple eyes, confirming that many photoreceptor clusters showed local reversals of D/V polarity. Occasional A/P reversals also occurred, but at a much lower frequency ( Fig. 1 ; Table 1 ). Remarkably, no abnormality was apparent in the number of photoreceptor cells per ommatidium or in the regular, hexagonal ommatidial array. As can be seen in Fig. 1 , the polarities were close to random in both the upper and lower halves of the eye; an equator axis for D/V mirror symmetry could not be drawn. The frequency of polarity reversals was estimated at 45% of 531 ommatidia scored in eyes of three different individuals. A/P reversals occurred at a rate of only 1%. Since sple1 is a genetically null allele (13) , the observed phenotype is likely due to complete loss of sple function. D/V reversals in sple' were also found by Zheng et al. (19) . However, they were able to detect the equator as if their strain is phenotypically weaker than ours. One plausible explanation is that their sple' stock might have modifier(s) resulting in incomplete penetrance.
At first glance, sple eyes appear to have domains of ommatidia with the same orientation ( Fig. 2 A and B) , which would suggest a degree of cooperative determination of polarity. We tested this by using a coin toss to assign heads or tails to each facet array. This yielded very similar pseudo-domains (Fig.  2C) . Therefore, the polarity in each sple facet would appear to be independent of its neighbors. This is consistent with autonomous nature of sple function in the mosaic clones (19) .
Ommatidial Polarity Is Independent ofGlobal D/V Pattern. A marker for D/V distinction in the eye was provided by a P-lacW strain we isolated, Bl-12, in which the w+ gene of the P-element is expressed only in the dorsal domain. Eye color is mainly due to pigment granules in the secondary pigment cells that surround the photoreceptor clusters. Normally, the w+ gene is expressed autonomously in the entire eye. However, in the Bl-12 strain, w+ expression is specifically abolished in the ventral domain (Fig. 3) ; within the dorsal field, w+ expression is slightly stronger in the anterior. The w+ expression of the small pigment granules within the photoreceptor cells is also restricted to the dorsal region (Fig. 3E) .
At the equator, a line of pigment cells is shared by the dorsal and ventral fields. We examined (in the absence of the sple mutation) whether the pigment expression boundary in B1-12 coincided precisely with the equator. While The result was that the pattern of photoreceptor geometry in the Bl-12 strain containing the sple mutation (sple; Bl-12/ TM3 Sb) was identical to that of sple, i.e., essentially random dorsal and ventral polarities. Similarly, the sple mutation did not change the dorsal specific w+ expression (Fig. 4) (Fig. 5A ). Eye morphogenesis is initiated at the posterior end of the disc and proceeds to the anterior, with cells R1 and R6 joining the cluster after the preclusters containing R2, R3, R4, R5, and R8 have been formed (25) . Therefore, anti-BarH1 staining begins several columns posterior to the furrow, and R1 and R6 serve as markers for the orientation of the cluster. In sple eye discs, as in wild-type discs, the antibody showed two cells per ommatidium, but the positions of R1 and R6 in many clusters were perpendicular to their normal positions (Fig. 5B) . These would appear to be early forms of the ommatidia destined to show D/V reversals of rhabdomere pattern in the adult mutant eye.
Events that could lead to the anomalies in the sple eye disc are shown in Fig. 5C . Consider the possibility that, in sple, the fate of each photoreceptor cell is correctly specified, but the cluster rotates in a random direction rather than adhering to the normal counterclockwise turn in the upper half of the eye and clockwise below (Fig. SCii) . That cannot explain the sple phenotype because, if a cluster rotates in a reversed direction, the trapezoidal assembly of photoreceptors will become reversed not only dorsoventrally, but also anteroposteriorly. However, this is not the case in sple eyes, which show massive D/V pattern reversals, whereas A/P reversals are rare (Table 1 ).
An alternative possibility that may be more plausible is that in sple the photoreceptor clusters rotate normally in the upper and lower halves, but the fates of dorsal and ventral cells within a cluster are interchanged (Fig. SCiii) Fig. 5E is not due to the homozygosity of the B1-12 insertion; it is also found in heterozygotes. While the expression of w+ within photoreceptor cells in this strain is generally weak, when seen (pigment granules indicated by arrows), it is always dorsal-specific. (A-C, bar = 100 tum; D and E, bar = 10lim.) individual ommatidia. It has been shown that ectopic furrows can be induced in various regions of the disc by making ptcmosaic clones or by ectopic expression of hh (11, 12) . In both cases, polarity and rotation of photoreceptor clusters were defined by the direction of progression of ectopic furrows, establishing new equators that are perpendicular to the furrows (5) . This suggests that the ectopic retinal polarity can be established that is independent of a normal global D/V determinant. This is also consistent with our observation that the alteration of ommatidial polarity in sple does not affect a global D/V boundary marked with w+ expression. Interestingly, it was found that such dorsal-specific w+ expression can be altered by ectopic expression of hh: either derepression of w+ in the ventral portion or inhibition of the dorsal portion of the eye (5) . However, a precise correlation between the w+ expression and the ommatidial orientation was not found, supporting the independent determination of w+ expression and ommatidial polarity. It remains to be studied how each of these is determined.
In each column of photoreceptor clusters behind the furrow, the process of clustering and differentiation starts at the center and proceeds distally to the polar regions of the disc. The (19) , suggesting that the ommatidial polarity and the rotation may be directly or indirectly coupled by fz. In fact, fz regulates the expression of nmo (19) , a gene that is required for normal rotation (3) . fz may also regulate sple, which in turn controls specifically the D/V polarity of photoreceptor clusters.
As we proposed in Fig. 5 anterior (19) . This is consistent with an earlier notion that the breaking of symmetrical assembly of a photoreceptor cluster into asymmetry occurs as R4 loses its contact with R8 resulting in the breaking of R3-R4 symmetry (26) . It was also suggested that the sple function is required in R3, R4, or R5 for correct polarity of a photoreceptor cluster (19) . These results suggest that an early distinction between R3 and R4 may be a key to establish the ommatidial polarity. The fz gene encodes a cell surface protein with seven transmembrane domains (27, 28 
